Sphingomonas paucimobilis, an oligotroph, is well recognized for its potential for biofilm formation.
INTRODUCTION
Waterborne contamination in ambient water bodies and its related diseases continue to have a major impact on water quality issues across the globe, pathogen contamination being the most serious issue ascribed for almost all ambient water bodies. Several Sphingomonas sp. are ubiquitously distributed in nature and have been isolated from drinking water and drinking water distribution systems. These strains have been well studied for their effective degradation/ metabolism of complex hydrocarbons. The ability of S. paucimobilis to develop biofilm on surfaces of water distribution systems, for example stainless steel, has been reported as a major concern regarding water quality.
Most microbes in water distribution systems exist in biofilm on the inner surfaces of the pipelines (Bachmann & Edyvean ) . The formation of biofilm is influenced by several factors, such as concentration and quality of disinfectants and nutrients, water flow velocity, hydraulic conditions, temperature and/or pipe materials (Zacheus et al. ) . Pipe materials can influence biofilm formation, especially in its early stages (Waines et al. ; Chowdhury ) . In addition to that, Flemming et al. () estimated that about 95% of bacteria in drinking water distribution systems are attached to the surface of pipe inner walls, while only 5% are in the water phase and detected by sampling as commonly used for quality control. The pipe material used in water distribution systems is an important factor that influences the proliferation of the biofilm (Lehtola et al. ) . Few studies have attempted to characterize Sphingomonas and evaluated their importance in drinking water systems, moreover their ability to form biofilms on plumbing materials commonly used has not been reported.
It may be argued that the outcomes of studies involved in characterization of Sphingomonas in community drinking water systems would be important in understanding their role in waterborne infections and enable adequate treatment procedures for assuring water quality. Therefore the objective of this study was to characterize Sphingomonas sp. in community water distribution systems and determine their capability for biofilm formation on the plumbing materials commonly used in distribution systems. Biofilm simulation studies with the selected isolate on six types of pipe materials commonly used were designed and a simple visual approach to detect biofilms is also reported.
MATERIALS AND METHODS

Bacterial strains and culture conditions
Tap water samples were collected from 20 different municipal sites and 140 isolates were screened from the water samples on the basis of the morphology of the colonies.
Sphingomonas selective growth medium is composed of L9 minimal medium which is supplemented with 1% each of glucose and sodium glutamate as carbon and nitrogen source with mineral salts supplementation as described by Yim et al. () . Optimal concentration for streptomycin and piperacillin was determined by performing an antibiotic susceptibility test at 0, 50, 100, 150, 200, 250, 300, 350 and 400 μg/ml. The isolates were further screened on Sphingomonas-specific growth medium containing 100 and 50 μg/ml streptomycin and piperacillin, respectively. One isolate with demonstrable biofilm forming ability was selected for further studies and characterized by 16S sequencing. The 16S sequence of the isolate was submitted in the GenBank database as Sphingomonas paucimobilis strain MG6.
Molecular characterization of isolates
DNA of the selected isolate was extracted following the method as described by Moore et al. () . DNA was amplified using a set of universal primers: 27F (AGAGTTT-GATCMTGGCTCAG) and 1510R (TACGGYTACCTT GTTACGACTT). The reaction mixture consisted of 1X PCR (Polymerase Chain Reaction) buffer, 0.2 mM each dNTPs (Deoxyribonucleotide triphosphate), 0.5 μM of each primer, 1 unit Taq Polymerase and 2 μl DNA. PCR was performed at 94 C for 5 minutes, 94 C for 1 minute, followed by 30 amplification cycles of 54 C for 1 minute, 72 C for 1 minute with the final cycle of 73 C for 3 minutes. The sample was sequenced by automated DNA Sequencer AB3500xL (Applied Biosystem). The phylogenetic tree was constructed by Mega 7.0 software using the Neighbor-Joining method. The evolutionary distances were computed using the Kimura 2-parameter method and the 16S sequence of the isolate was submitted in the GenBank database as Sphingomonas paucimobilis strain MG6.
Biofilm production
Biofilm formation was estimated by using a modified crystal violet assay (Merritt et al. ) . A volume of 300 μl of a standardized bacterial suspension in mid-log phase was revived in biofilm-inducing media and dispensed in each well of the polystyrene plates and incubated at 30 C. The unbound cells were removed by inverting the microtiter plate and vigorously tapping followed by rinsing the wells with phosphate buffer (pH 7.2). The adherent cells were stained with 200 μl of 1% (w/v) crystal violet solution for 5 minutes.
The wells were washed with deionized water extensively and the plates were allowed to dry. Following washing, 200 μl of 30% (v/v) acetic acid was added to each well for 15 minutes; 100 μl aliquots were then transferred to a fresh microtiter plate and the absorbance measured at 585 nm.
To further evaluate the biofilm profile of Sphingomonas, 
Determination of chlorine resistance
Overnight grown bacteria were harvested by centrifugation 
Effect of chlorine treatment on biofilm formation ability
The effect of chlorine treatment was observed by inoculating a standardized suspension (8 × 10 6 cells/ml) of Sphingomonas in two setups: one containing rich medium (Luria Broth) and the other containing filter sterilized water from a municipal distribution system. Sterilized PVC coupons were added. After every 12 hours, three coupons from each setup were taken out and incubated in 8 mg/L sodium hypochlorite solution for 1, 3 and 5 hours, respectively. After staining with Calcofluor, it was visualized under a UV lamp (Blak-Ray Lamp model UVL-2 1, UV-366 nm). A duplicate of each coupon was placed in fresh medium/water and visualized by Calcofluor staining after 96 hours.
Effect of chlorine treatment on combinations of Sphingomonas with waterborne pathogens
Biofilm production of Sphingomonas in combination with waterborne pathogens Escherichia coli O157:H7 ATCC 32150, Shigella flexneri 2a and Salmonella typhimurium ATCC 25315 was performed as described above by crystal violet assay. Chlorine resistance was observed by inoculating the standardized suspension of Sphingomonas in combination with pathogens in both medium (Luria Broth) and filter sterilized water. Sterilized PVC coupons were added in both setups and the rest of the experiment was carried out as described above.
Flow through simulation of biofilm formation on plumbing materials
A laboratory-scale simulated distribution system was fabricated comprising of six different sets of identical drinking water distribution pipes normally used. The pipe materials chosen were polyvinyl chloride (PVC), polypropylene (PP), polyethylene (PE), aluminium (Al), copper (C) and rubber (R). The length of the distribution pipes was one metre, with an internal diameter of 3 cm. Tap water was pumped from the contact tank (30 litres of tap water) with a flow rate of 1.0 L/min into the simulated drinking water distribution pipe using a peristaltic pump. The water in the tank was inoculated with an overnight culture of Sphingomonas paucimobilis to a count of 10 5 CFU/ml.
Electron microscopy examination
Biofilm of Sphingomonas developed on different pipe materials after 4 days was examined by scanning electron microscopy (SEM).
Energy dispersive X-ray spectroscopy
The scanning electron microscope (SEM) was equipped with an energy dispersive X-ray spectroscopy (EDX) analyzer. It provided the elemental analysis of biofilm developed on different pipe materials.
Statistical analysis
Regression coefficient (R 2 ) was applied to obtain the relationship between log count of biofilm cells and the types of pipe materials during different biofilm ages.
RESULTS
Molecular identification of strain
The strain isolated from a municipal water distribution system was characterized by 16S rRNA sequencing using universal primers. The phylogenetic tree was constructed using sequences of representative bacteria. The isolated strain was identified as Sphingomonas paucimobilis strain MG6 (Figure 1) ; the sequence of this strain has been deposited in the GenBank database (Accession No. KX594380).
Biofilm formation kinetics
The crystal violet and MTT assays have been suggested as methods for the estimation of biomass quantity and metabolic activity of the cells, respectively. Figure 2(a) shows that the biofilm formation commences after 24 hours of bacterial growth which is the stationary phase of cells.
Maximum biofilm formation was observed after 40 hours.
Exopolysaccharides are secreted when the cells reach the stationary phase that facilitates the attachment of cells to the surface (Dunne ). With progress of time, increase in exopolysaccharide production further accelerates the 
Determination of chlorine resistance
This study was carried out to estimate the effect of residual chlorine on the growth of Sphingomonas. It was found that the dosage of sodium hypochlorite had a profound effect on the reduction of log CFU/ml for Sphingomonas. Four different concentrations of sodium hypochlorite, i.e. 2, 4, 6 and 8 mg/L were used. Sphingomonas was found to be chlorine resistant at the concentration of 2 mg/L at a contact time of 90 minutes for different microbial loads (Figure 3) .
Calcofluor assay
Biofilm production on different materials With the increase of the time span of chlorine treatment, little or no decrease in intensity of biofilm development was observed either with medium or with water. Replicates of coupons were placed in fresh medium/water after each interval till 96 hours. After visualization, it was observed that a slight increase in intensity occurred, which marks the biofilm development following chlorine treatment, confirming the chlorine resistance of Sphingomonas.
Effect of chlorine treatment on Sphingomonas in combination with waterborne pathogens
The detection of various waterborne pathogens from drinking water systems prompted us to study the biofilm production ability of Sphingomonas in the presence of three pathogens (Figure 6(a) ). Pathogens were found to increase the biofilm production ability of Sphingomonas;
Shigella being the highest followed by Salmonella and E. coli, making it possible to observe the effect of chlorination on Sphingomonas in combination with waterborne pathogens.
PVC coupons were removed, incubated for 1, 3 and 5 hours and the effect of chlorine treatment was visualized by Calcofluor staining. It was observed that Sphingomonas with Shigella flexneri 2a showed maximum resistance to chlorine as the biofilm formation is maximum in this case followed by Salmonella typhimurium and Escherichia coli O157:H7. The results can be visualized by observing the variation in the intensity of stained Calcofluor (Figure 6 ).
Flow through simulation of biofilm formation on plumbing materials
These results were corroborated by observations from the flow through simulation experiment. Viable cells of Sphingomonas were recorded from different scrapings of plumbing materials at different ages (Table 1 ). Variation was observed between different plumbing materials with log count of biofilm cells on polyvinyl chloride being the highest followed by polypropylene and polyethylene.
Scanning electron microscopy micrographs
Biofilm formation of Sphingomonas on different pipe materials is explained using scanning electron micrographs. Elemental composition of biofilm formed on different pipe materials as determined by EDX is shown in Table 2 .
It represented the weight percentage of different elements found at 12, 48 and 72 hours on different pipe materials.
EDX is more useful when our objective is to compare the composition of biofilm formed on different materials. It was observed that carbon and oxygen are the dominant 
DISCUSSION
The World Health Organization (WHO) estimated that about 1.2 billion (10 9 ) people lack access to safe drinking water and 3.4 million people die of water-related diseases every year (WHO ). One important factor responsible 
CONCLUSION
The present study demonstrated the ability of a Sphingomonas isolate from a municipal water distribution system to form biofilms on six different plumbing materials commonly used. Biofilm formation occurred both under static as well as circulatory conditions and could be visualized using the fluorescent chemical probe, Calcofluor, and validated by electron photomicrographs. Viable counts concurrently obtained from pipe materials agreed with these observations. Chlorine resistance of the strain raises concern and suggests an urgent need to develop effective disinfection strategies.
